YFeO3 single crystal displays two relaxor-like dielectric relaxations, one at low temperature (170300 K) and one at high temperature (370520 K), which are attributed to the activation of electrons and oxygen vacancies, respectively. Above the temperature at which electrons are activated, the sample displays a large magnetocapacitance effect. Comparison of the impedance Cole-Cole plots measured with and without applied magnetic field reveals that the occurrence of magnetocapacitance effect is accompanied with an increasing in DC conductivity under magnetic field after the activation of electrons, which is explained by the enhancement of electron jumping in Fe2b-O-Fe3b chains by magnetic field. Thus the magnetocapacitance effect in YFeO3 single crystal can be explained by the combination of the Maxwell-Wagner space charge effect and/or magnetoresistance effect, depending on the frequency range. YFeO 3 single crystal displays two relaxor-like dielectric relaxations, one at low temperature (170 À 300 K) and one at high temperature (370 À 520 K), which are attributed to the activation of electrons and oxygen vacancies, respectively. Above the temperature at which electrons are activated, the sample displays a large magnetocapacitance effect. Comparison of the impedance Cole-Cole plots measured with and without applied magnetic field reveals that the occurrence of magnetocapacitance effect is accompanied with an increasing in DC conductivity under magnetic field after the activation of electrons, which is explained by the enhancement of electron jumping in Fe 2þ -O-Fe 3þ chains by magnetic field. Thus the magnetocapacitance effect in YFeO 3 single crystal can be explained by the combination of the Maxwell-Wagner space charge effect and/or magnetoresistance effect, depending on the frequency range. V C 2012 American Institute of Physics.
I. INTRODUCTION
In recent years, the search for the magnetoelectric (ME) coupling effect has been an important focus of research, due to the great potential for application in multistate memories and sensors. [1] [2] [3] [4] Generally, to display the ME effect, the material candidate needs to be magnetic (ferromagnetic or antiferromagnetic). Therefore, many candidates are from the class of materials containing magnetic transition metal ions. Due to variable valences caused by dislocations and oxygen deficiencies, which can usually act as charge carriers, these materials are quite conductive. Therefore many observed ME materials may not be intrinsic, from magnetoelectric coupling, but extrinsic, from changing resistivity under magnetic field. The Maxwell-Wagner space charge effect at the interface of sample and electrode or grain boundaries can result in artificial dielectric relaxation, 5 and its combination with magnetoresistance (MR) can create a magnetocapacitance effect, even in a nonmultiferroic material without magnetoelectric coupling, as theoretically predicted by Catalan. 6 Therefore, for this particular case of an ME effect in nonmultiferroic materials, a change in the resistivity of the material in magnetic field through an intrinsic MR effect from double-exchange or spin-polarized tunneling across grain boundaries is crucial for the observation of the ME effect. However, there is a lack of experimental data to detect the ME effect where the MR effect of the material is simultaneously examined. YFeO 3 , crystallizing in an orthorhombic perovskite structure and displaying weak ferromagnetism below its Néel temperature (T N ¼ 640 K), is a nonferroelectric material. [7] [8] [9] [10] [11] [12] [13] In this letter, a large positive magnetocapacitance effect is observed in YFeO 3 single crystal. Through analysis of the complex impedance spectra, the direct cause for the magnetocapacitance was proposed.
II. EXPERIMENT DETAILS
The YFeO 3 single crystal used in this work was grown by the floating zone method. A mixture of Y 2 O 3 (99.99%) and Fe 2 O 3 (99.99%) powders with a stoichiometric ratio composition was used as the starting material for the single crystal growth. Polycrystalline rods were fabricated after double sintering at 1100 C and 1550 C, with intermediate crushing and grinding, and these were used as feed and seed rods for single crystal growth. A floating zone furnace equipped with two ellipsoidal mirrors was employed for the single crystal growth, using two 3.5 kW halogen lamps as heat sources. The feed and seed shafts rotated at 5À20 rpm in opposite directions, and the crystal was grown from the bottom to the top in a vertical direction. The traveling rate of the melting zone was in the range of 2.5À7.5 mm/h in 1 bar of oxygen. The crystal structures of the samples were examined by x-ray diffraction (XRD), using Cu-Ka radiation at k ¼ 1.54056 Å . Rietveld refinement calculations were conducted via the Rietica software package based on the observed XRD pattern. Iron valence states were identified by x-ray photoelectron spectrometry (XPS) and Mössbauer spectra. Magnetic property measurements of the samples were conducted on a Quantum Design magnetic properties measurement system (MPMS) and a 14 T physical properties measurement system (PPMS) equipped with a vibrating sample magnetometer (VSM). For the dielectric tests, a (100) wafer with dimensions of 4 Â 3 Â 1 mm 3 was coated on both sides with silver paste as electrodes. Measurements were carried out on an Agilent 4284a LCR meter. Dielectric and impedance measurement in magnetic field is carried out using a combination of an Aglient 4294a impedance analyzer and a PPMS. To further check the quality of the single crystal, the crystal was oriented and a (100) wafer was cut and polished. A mirror-like surface was obtained without any cracks observable by optical microscope. The x-ray rocking curve of the crystal wafer examined by high resolution XRD shows that the profile of (200) diffraction has a symmetrical peak, with a full-width at half-maximum (FWHM) of 24 arc sec (shown as the inset of Fig. 1 ). The nearly perfect shape without any shoulder confirms the absence of any subgrains, indicating the excellent quality of the crystal.
Figure 2(a) shows the Fe 2p XPS spectrum of the YFeO 3 crystal. Usually, the Fe 3þ 2p 3/2 line is at about 711.5 eV and associated with a satellite peak 8 eV above this principal peak, while Fe 2þ displays a principal peak at around 709.5 eV and has a satellite peak 6 eV above it.
14 GianLorentzian curve fitting shows that the Fe 2p 3/2 peak in the YFeO 3 single crystal sample can be separated into two peaks. The total amount of Fe 2þ ions is estimated to be less than 5% of the total number of Fe ions. The presence of the Fe 2þ is attributed to oxygen vacancies, which are very common in perovskite compounds. The content of Fe 2þ is further confirmed by Mössbauer spectra at 300 K, which has been fitted by two subspectra: one sextet (97%) and one doublet (3%). This indicates that the content of Fe 2þ in our YFeO 3 single crystal is 3% [shown in Fig. 2(b) ]. Figure 3 shows the zero field cooled (ZFC) magnetization of YFeO 3 in magnetic field of 100 Oe, and both the zero-field cooled and field cooled (FC) magnetization in 1 T, from 310 to 750 K. Based on the magnetization curves, the sample experiences a ferromagnetic-like transition at a temperature of around 640 K, which is a typical canted antiferromagnetic transition due to the very small magnetic moment displayed by the sample. To determine the transition temperature, a thermoremanent magnetization measurement (TRM) was carried out, which showed a magnetic transition at exactly 640 K. This temperature is very close to the transition temperature obtained from specific heat measurements on the same single crystal sample. For FC and ZFC M-T curves measured in the low temperature range from 10 to 310 K (not shown here), no obvious magnetic transition was observed. Using the linear Curie-Weiss law fitting of the M-T curve in the paramagnetic state of the sample from 700 to 750 K, a l eff of 6.5 l B is obtained (shown as the upper left inset of Fig. 3 ). Therefore Fe 3þ in YFeO 3 is in the high spin state (HS) with an electron configuration of t M-H curve is a straight line at 645 K, which corresponds to the paramagnetic state of the sample at this temperature. At 635 K, the curve displays obvious hysteretic behavior, with a dominant linear contribution. The rectangular hysteresis loop displays a coercive field of 400 Oe and remanent magnetization of 0.055 emu/g. YFeO 3 is a canted antiferromagnet due to the 180 deg bonding interaction of Fe 3þ -O-Fe 3þ , and thus exhibits weak ferromagnetic behavior.
Results of dielectric measurements at low temperature are shown in Fig. 4 . It can be seen that both the relative dielectric constant (e r ) and the loss tangent (tan d) become frequency and temperature independent at temperatures lower than 140 K. In this temperature range, the static dielectric constant e s and the high-frequency limit dielectric constant e 1 reach a common limit value of $100. With temperature increasing, in the temperature range of 170À300 K, the dielectric constant shows a sharp increase and then reaches a plateau. The inflection temperature for the dielectric constant shifts to higher temperature with increasing frequency, indicating relaxor-like dielectric behavior. A broad dielectric loss peak occurs, corresponding to the abnormal dielectric relaxation. The loss peak also shifts to higher temperatures with increasing frequency, which indicates a thermally activated relaxation process. The dielectric loss increases a little with further increasing temperature, which is ascribed to the contribution of DC conductivity in the single crystal. With the temperature increasing even further, in high temperatures from 370 to 520 K, another relaxorlike abnormal dielectric peak was observed (as shown in Fig.  5(b) ). Above this temperature, YMnO 3 will experience a transition from semiconductor-like to metallic and, correspondingly, dielectric constant will decrease and finally display a negative value. Both the low and the high temperature dielectric relaxations can be described by the modified Debye theory. 15 According to the Debye theory, the thermal dielectric activation can be approximately determined by the dielectric loss (tan d) measurement and is described by the Arrhenius relationship, f ¼ f 0 expðÀU=k B TÞ, where f is the characteristic frequency (f ¼ 1=2ps, s is the relaxation time), k B T is the thermal energy, f 0 is a prefactor and U is the activation energy. Figure 5(a) shows the Arrhenius plot of the log of the frequency versus 1/T, and least-mean-squares analysis yields f 0 ¼ 1 Â 10 10.2 Hz and an activation energy of U ¼ 0.12 eV, which are typical values for electron type activation. It has been shown that Maxwell-Wagner-type contribution of depletion layers at the interface between sample and contacts can result in such kind of broad dielectric relaxation. Therefore it is very likely that the dielectric relaxation at low temperature range is due to Maxwell-Wagner space charge effect. Another possible reason for the low temperature dielectric relaxation is the activation of electrons at Fe 2þ /Fe 3þ sites. XPS and Möss-bauer spectra show that there is a tiny amount of Fe 2þ in the YFeO 3 crystal. Each Fe 2þ with its surrounding Fe 3þ will form a dipole with strong local polarization. Under an external electric field, the hopping of electrons between Fe 2þ and Fe 3þ , which is equivalent to the reversal of the dipole, contributes to the large dielectric constant, as suggested in a ceramic sample and a LuFe 2 O 4 sample. [16] [17] [18] Therefore the activation of space charges here will include contribution both from MaxwellWagner space charge of depletion layers at the interface between sample and contacts, and electrons in the Fe 2þ /Fe 3þ dipoles. For the dielectric relaxation in the high temperature range of 370À520 K, the dielectric loss peak cannot be identified due to the huge values. Through high temperature DC resistance measurements, an activation energy of 1.10 eV is obtained. This value reflects a typical thermal activation process involving oxygen vacancies. 19, 20 The presence of oxygen vacancies is in accordance with the presence of a small amount of Fe 2þ , as confirmed by the XPS and Mössbauer spectra. The magnetic field effect on the sample capacitance was measured under different magnetic fields at the three temperatures of 70, 220, and 305 K (shown in Fig. 6 ). The capacitance of the sample displays a variety of dependencies on magnetic field over a wide frequency range at different temperatures. At 70 K, the magnetic field has little effect on the dielectric response of the sample. At 220 K, above the temperature for the low temperature dielectric relaxation, the capacitance of the sample is enhanced by application of magnetic field, and the increase is more obvious in the low frequency range than in the high frequency range, up to 34% at 50 kHz in a 5 T field and 1% at 900 kHz in the same field. At 305 K, the magnitude of the enhancement is further increased to 74% at 50 kHz in a 5 T magnetic field, and 60% at 900 kHz in the same magnetic field.
In order to clarify the observed magnetocapacitance effect, impedance spectroscopy of the YFeO 3 single crystal was conducted at different temperatures with and without magnetic field, and the results are presented in the form of Cole-Cole plots (shown in Fig. 7) . It can be seen that the impedance Cole-Cole plot at 70 K is just a small part of a semicircle, which indicates that the sample at this temperature has very large static resistance. Furthermore, magnetic field has little effect on the Cole-Cole plot at this temperature. At 220 K, the impedance Cole-Cole plot changes significantly, displaying part of a semicircle and a linear rising tail at the lowest frequencies, which means a large decrease in the YFeO 3 static resistance (the Z 0 value of the circle's intersection with the Z 0 -axis at the f ¼ 0 Hz end) and a significant contribution from the electronic conductivity. 21 However, at this temperature, the magnetic field has a very apparent effect on the impedance behavior of YFeO 3 , and a significant decrease in static impedance due to the magnetic field is observed. At 305 K, static impedance of the sample is further decreased, and a similar effect of magnetic field on static impedance was observed. Therefore, the observed large magnetocapacitance effect in the YFeO 3 single crystal sample is accompanied by a significant decrease in static impedance or resistance in magnetic field, i.e., there is a significant increase in the conductivity of the sample. It is obvious that the magnetocapacitance effect is related to the activation of electrons, because no such effect was observed at 70 K, which is below the electron activation temperature of above 170 K. spins. [22] [23] [24] The possibility of electron jumping in Fe 2þ -OFe 3þ chains will not only increase the electronic conductivity of the sample, leading to a magnetoresistance effect because it follows from the double exchange mechanism of electron transfer, but also contribute the dielectric relaxation as the electrons jumping in Fe 2þ /Fe 3þ chains is also a dipole switching process. The observed increase in DC conductivity in YFeO 3 single crystal in magnetic field at the temperature where electrons are activated is a good reflection of the above speculation. Furthermore, at 200 K, electrons are activated at 50 kHz while not activated at 900 kHz, therefore the increase of capacitance in magnetic field for low frequency range is larger than that for high frequency range. The activation of the electrons at low temperature range includes the activation of both electrons at the electrode/sample interface and electrons located at Fe 2þ /Fe 3þ dipoles. However, the electrons located at the electrode/sample interface have a response frequency below 10 4 Hz, 5 only electrons located at Fe 2þ /Fe 3þ dipoles have contribution to the magnetocapacitance effect at high frequency (for example, 900 kHz). This is the reason for the smaller magnetocapacitance observed at 300 K for 900 kHz in comparison to the larger value at lower frequency. Furthermore, the close values of magnetocapacitance effect at 900 and 50 kHz in magnetic field means the dominating contribution to magnetocapacitance effect is from electrons located at Fe 2þ /Fe 3þ dipoles.
IV. SUMMARY
The magnetocapacitance effect is observed in a nonmultiferroic material, YFeO 3 single crystal. The activation of electrons in Fe 2þ /Fe 3þ dipoles in YFeO 3 single crystal at low temperature contributes to the DC conductivity or MR effect in magnetic field due to the jumping of electrons following a double exchange mechanism. The combination of MaxwellMagner space charge effect and MR effect result in a magnetocapacitance effect at low frequency range. Furthermore, the jumping of electrons in Fe 2þ /Fe 3þ dipoles is also a switching process of the dipole, which contributes to magnetocapacitance effect due to the jumping getting easier in magnetic field. The contribution from Fe 2þ /Fe 3þ dipoles switching dominated the magnetocapacitance effect at high frequency range (900 kHz) Although this ME effect in YFeO 3 is not intrinsic, it still might be favorable for application, as more candidate materials can be obtained. This observation provides further evidence that large magnetoelectric coupling does not necessarily need multiferroic materials, and the origin of magnetoelectric coupling is quite diverse. 
